In this article, the effective size of hydrogen in the hydrogen halides forming hydrogen bonded complexes is estimated. The scheme proposed by Bhadane and Gadre ͓J. Chem. Phys. 107, 5625 ͑1997͔͒ for estimating the size of hydrogen in HF is extended to the other hydrogen halides ͑HCl and HBr͒ and HCN. It is noted that the radius of H atom in HF, HCl, HBr, and HCN are, respectively, 0.55Ϯ0.07, 0.74Ϯ0.08, 0.80Ϯ0.11, and 0.93Ϯ0.07 Å. The radii found for HF, HCl, and HBr show a strong inverse correlation with the dipole moment of the HX. From this correlation the radius of H atom in HI is estimated to be 0.90Ϯ0.11 Å. By extrapolating to zero dipole moment, the van der Waals radius of H atom is determined to be 1.0Ϯ0.1 Å, reasonably close to the value proposed by Pauling, 1.2 Å.
The nature of chemical bonding, the interaction between atoms within a molecule, is fairly well understood.
1 Pauling's classic book 1 talks about covalent radii, ionic radii, and metallic radii for various atoms which can be used to predict interatomic distances between atoms forming a covalent, ionic or metallic bond.
1 However, our understanding of intermolecular interactions is still evolving. 2 In the last three decades, extensive studies on weakly bound complexes have been reported that address intermolecular interaction directly. 3 These complexes are largely classified as van der Waals or hydrogen bonded complexes. The intermolecular separations in these complexes have been largely interpreted in terms of the van der Waals radii 1 of the constituent atoms. For hydrogen bonded complexes B-HF, Buckingham and Fowler 4 have shown that the Z-F ͑Z is the atom in B that is H bonded to HF͒ distance is within 0.1 Å of the sum of van der Waals radii of Z and F. However, for B-HCl and B-HBr, the Z-X distances are, for several complexes, 0.2 Å or more larger than the sum of van der Waals radii for Z and X.
5
Gadre and Bhadane 6 analyzed the Z-H distances in about 20 complexes formed by HF. They computed the molecular electrostatic potential ͑MESP͒ for the free bases B at the SCF and MP2 levels with 6-31ϩϩG(**) basis set. They noted that the MESP minimum symbolize the site of electron localization in a molecule which attracts hydrogen. The location of the MESP minima could explain the radial and angular geometry of the B-HF complexes. Gadre and Bhadane further noted that the following correlation existed between r Hyd and r ESP , which are defined below, r Hyd ϭ͑r ESP ϫ1.04͒ϩ0.47. ͑1͒
Here, r Hyd is the Z-H distance in the complex, where Z is the atom or center in B, which is bonded to the H and r ESP is the distance between Z and the MESP minimum. The results obtained with HF and MP2 methods were very similar. It was pointed out that the r ESP was closer to the van der Waals radius of the Z atom. Hence, they concluded that 0.47 Å is the van der Waals radius of H. It is significantly smaller than the value suggested by Pauling ͑1.2 Å͒ and this feature has been noted in the literature. 4 The difference is not surprising given the fact that H bonding ͑electrostatic͒ interactions are significantly stronger than van der Waals ͑induction and dispersion͒ interactions. It should be pointed out that the effective radius of 0.47 Å for H in HF is larger than the covalent radius of the H atom, 0.3 Å. In this paper, we extend the Gadre and Bhadane analysis to the other hydrogen halides. Over the last few years precise structural data have become available for several B-HX complexes which has encouraged this study. Table I lists the Z-H distances for several HF, HCl, HBr, and HCN complexes. It also lists the r ESP for the B molecules.
6 Equation ͑1͒ fits all these data and the correlation coefficients are 0.93, 0.91, 0.89, and 0.91 for HF, HCl, HBr, and HCN, respectively. The slopes for HF, HCl, HBr, and HCN are 1.06, 1.06, 1.22, and 1.10, respectively. In order to estimate a more meaningful effective size of H in HX (r Hyd Ϫr ESP ) was plotted as a function of r ESP and Fig. 1 shows the results. The slope in this plot was forced to be zero so that the intercept could be related to the effective size of H in the HX. The intercepts from Fig. 1 are quite enlightening. They are 0.55 Ϯ0.07, 0.74Ϯ0.08, 0.80Ϯ0.11, and 0.93Ϯ0.07 Å for HF, HCl, HBr, and HCN, respectively. As is evident from Fig. 1 , one should be able to get a reasonable estimate for intermolecular separation for B-HX just by adding r ESP for B to the intercept for HX. These intercepts give a ''H bonding radii'' for HX.
The ''H bond radius'' of HX is increasing with the decreasing dipole moment of HX. Figure 2 shows the variation of the ''H bond radius'' as a function of the dipole moment of HX. The correlation is extremely good with a correlation coefficient of 0.99. By extrapolating to zero dipole moment, one can estimate the van der Waals radius of H to be 1.00 Ϯ0.10 Å which is much closer to the van der Waals radius a͒ Electronic mail: arunan@ipc.iisc.ernet.in estimated by Pauling ͑1.2 Å͒. As this corresponds to the situation of zero dipole moment, it will be a more realistic estimate of the van der Waals radius of the H atom. Figure 2 predicts that for HI complexes ͑based on the dipole moment of 0.44 D͒ ͑Ref. 30͒ the Z-H distance should be r ESP ϩ(0.90Ϯ0.11) Å. This prediction is validated by the limited experimental data available on HI complexes. The distances observed are 0.86, 0.93, and 1.11 Å for the H 2 O, 31 HCN, 32 and OC ͑Ref. 33͒ complexes with HI. For the B-H 2 complexes, the r Hyd should be closer to (1.01Ϯ0.10) ϩr ESP Å. Structural data on H 2 and HI complexes are still scarce and we hope this paper will stimulate efforts to study these complexes. 
